Benchtop In-vitro experiments are valuable tools for investigating the cardiovascular system and testing medical devices. Accurate reproduction of physiologic flow waveforms at various anatomic locations is an important component of these experimental methods. This study discusses the design, construction and testing of a lowcost and fully programmable pulsatile flow pump capable of continuously producing unlimited cycles of physiologic waveforms. Two prototypes with different designs were tested. The first one consisted of a stepper motor -piston pump combination and tests showed that it failed to satisfy the design requirements. The second, highly successful prototype consists of a gear pump actuated by an AC servo-motor and a feedback algorithm enabling high accuracy for flow rates up to 300ml/s across a range of loading conditions. The iterative feedback algorithm uses flow error values in one iteration to modify motor control waveform for the next iteration to better match desired flow.
PUMP
These facts point to a need for a custom made pulsatile pump for experimental circuits. Several previous studies have attempted to design a flow pump to reliably reproduce a wide range of localized physiological waveforms with high accuracy while maintaining low cost and complexity.
Frayne et al. 7 made one of the first notable attempts to create such a device. They designed a piston pump with a double acting cylinder capable of flow rates up to 30ml/s.
This device was mainly intended for MR flow verification and calibration. This device had limited continuous operation capability and the results were largely varying according to the type and length of tubing used. Hoskins et al. 8 designed a setup with a gear pump connected to a stepper motor. But again, the flow ranges were very limited (<20ml/s).
A progressive cavity pump was used by Eriksson et al. 9 to produce uninterrupted physiologic waveforms and results were shown for the reproduction of a carotid waveform. This system is more expensive due to the use of the progressive cavity pump and it required a separate controller with its own standalone system eliminating the possibility of system integration. Tsai et al. 10 designed a more complex setup consisting of a gear pump producing constant flow, a piston pump producing the oscillating component, and a back pressure valve to avoid reverse flow into the gear pump but again testing data shown is mainly limited to a carotid waveform.
Almost all of these pumps worked under a limited operating range in terms of peak flow, few successfully demonstrated the capability of producing a physiological waveform with portions of backflow and most studies lack enough results to convincingly exhibit the versatile performance capabilities of the pump in a physiologically realistic experimental setup. Also, there remains the need for a programmable pulsatile flow pump that can be implemented into large automation frameworks. One of the main requirements for such a pump would be the ability to communicate with computational programs written in commercial software packages and the ability to change the output flow waveform in real time with minimal human intervention.
Research Objective
The aim of this study is to design, construct and comprehensively test a simple, fully programmable pulsatile flow pump that can consistently and accurately reproduce a wide range of localized physiological flow waveforms. Evaluating experiments are designed to comprehensively test the performance of the pump in a basic level, characterizing the performance parameters such as peak flow, acceleration and accuracy and in an application level, proving the capability of the pump to recreate flow waveforms in physiologically realistic conditions. The pump is designed to be integrated with commercial software to facilitate automation. The simplicity, affordability and improved performance of this design will enable the advancement of cardiovascular medical technologies.
Organization of Thesis
This document is arranged into five chapters. The current chapter introduces the basic ideas and motivation behind the study, looks at the current state of the art in the basic design ideologies, tools and processes used in the study. This section also provides a broad idea of the experimental setup and devices used. The third and fourth chapter discusses the design, construction, working principles and test results for two prototypes created as a result of this study. The fifth chapter provides an overall summary. This section also discusses the general direction for future studies. All the detailed data sheets and specifications for parts and tools used in the study are included in the appendix. 
Feedback Algorithm
The feedback algorithm uses a semi -real time iterative process to reduce the error in the output flow. When a desired flow waveform is prescribed, it is processed in a feedback loop until the error in the output waveform is within a user specified limit.
This is achieved via a proportional error control that uses the measured error in each iteration to modify the corresponding motor control signal for the next iteration. This is shown in figure 2 .3.
Initially, when the output flow waveform is produced, the program averages the output flow over a user specified number of cycles and compares it to the desired flow waveform to find the error in flow at each data point. This error is multiplied with a feedback coefficient and fed back to the system to compensate for the error in flow. This process is repeated multiple times till the error in output flow is less than a user specified value. The feedback coefficient is a value between 0 and 1 which specifies how fast the output flow will converge. If the value is set as 0, the feedback algorithm will have no effect. If this value is set too high, it may cause oscillations and instability in the algorithm leading to an increase in flow error. In most cases, 0.3 was found to be the best value.
General Design Ideals
The design of prototypes started from deciding the type of pump and motor to be used while the control system and other components like tubing and valves were selected based on this initial choice. The project objective, budget, level of machining required and availability of parts all played a role in the selection of each part.
While choosing the pump the most important factor was the pump's ability to reproduce flow waveforms accurately irrespective of downstream conditions. This is better accomplished by positive displacement pumps like piston pumps, gear pumps, and progressive cavity pumps, compared to rotodynamic pumps like centrifugal pumps. The next step of selection involved comparison of complexity, cost and availability. With these considerations, piston pumps and gear pumps were selected as the two final options since progressive cavity pumps are much more costly and harder to find for the required flow ranges. Comparing these two options, gear pumps were found to be easily available, simpler and more reliable whereas piston pumps were easier to build.
Stepper motors and Servo motors were the two options for the choice of actuator.
Stepper motors are comparatively cheaper but servo motors are more powerful, faster and more accurate. Matching the motor performance to the speed and torque requirements of the selected pumps, it was found that the gear pump was better suited to work with faster and more powerful servo motors while stepper motors could work with the piston pump.
This created the possibility of two prototypes, the piston pump -stepper motor combination (prototype-1) which would be more affordable but possibly with lesser reliability and versatility, and the gear pump -servo motor combination (prototype-2) which would be more expensive but with the potential for higher reliability, simplicity and versatility. It was decided that prototype-1 would be built first and prototype-2 would be built only if ptrototype-1 had significant shortcomings. 
The direction of piston movement is selected using an analog signal from NI 9263
module. An analog voltage of +5V selects the direction away from the motor and 0V selects the direction towards the motor. These two signals working in conjunction creates the desired flow waveforms, even ones with a back flow. One drawback of this method is the restriction on minimum frequency value imposed by the working mechanism of the output module. For the proper output of frequency waveform, every frequency value is limited so that at least one complete pulse is executed before the frequency can be changed again. This limits the minimum frequency value to the inverse of the timestep duration.
Parts Selection and Sizing
All materials used for construction of the prototype were carefully selected so that they are easy to machine and compatible with the glycerin -water solution. The 
Results
The prototype performed well during initial tests. It was able to produce the desired flow waveform with less than 2.46% mean error (figure 3.4) in flow rate at low downstream pressures. But as the prototype went through multiple hours of duty and when the downstream pressure was increased, it was unable to produce the flow peaks as required. Figure 3 .5 shows an example where the actuator skipped steps and the peak of the waveform was distorted. This was mainly due to an increase in friction at the O-rings due to the slight change in shape and fit that occurred during pump operation. This increase in load combined with the pressure load overloaded the actuator and caused it to skip steps, resulting in a distorted waveform. The slight eccentricity and inaccurate dimensions of the cylinder were contributing factors to this O-ring degradation. As a result, it was decided that this prototype is more suitable for steady flows and waveforms with lower flow rates. Since the prototype failed to produce the required results, the focus was shifted to prototype-2 and no further testing was performed on prototype-1. 
The impulse response of the pump was analyzed to determine the maximum achievable acceleration. This value can be used to assess the pump's capability of recreating a waveform by examining the maximum acceleration present in the waveform.
A step waveform from 0 to 190ml/s was used for this test. The pump required 0.1345s to achieve this change in flow rate, implying a maximum acceleration of 1412.64ml/s 2 .
The semi-real time feedback algorithm was analyzed by tracking changes in the output abdominal aortic flow waveform under exercise condition in each iteration. The quantitative results from these tests show that the new pump performs better than or as good as the previous studies in all aspects. The peak flow rate of 302ml/s is on par with the best [8, 9] . The physiologically realistic flow accuracy at ±1% to ±2% is better than those in previous studies (±1% to ±15%) and most commercial systems (±2% to ±4%). This pump also has several nontechnical advantages over those in previous studies. It takes less than two minutes from when the desired waveform is specified for the pump to produce an accurate replica. After initial setup, no additional human intervention is necessary, and the pump can be completely controlled by computational programs. This is useful for experimental setups where large numbers of flow waveforms are to be tested in an automated framework. This pump is also considerably more affordable than commercial pumps.
Limitations
Even though the feedback algorithm increases output accuracy, it occasionally causes a distortion of the control waveform due to an accumulation of sensor noise. This is solvable by further investigation and modification of the feedback algorithm. The current pump is optimized for flow rates between 50 -300ml/s. Flow waveforms below 50 ml/s or above 300 ml/s need to be reproduced by using smaller or larger gear pumps respectively. Therefore, the current design can be modified to service other ranges of flow rates by switching only the gear pump at a fraction (15%) of the cost of the whole setup. Even though the pump is theoretically capable of producing a peak flow rate of 300ml/s, we were only able to test the pump performance up to 170 ml/s due to the limitation of the flow sensor used.
CHAPTER FIVE

CONCLUSION
Summary
In this study, we successfully designed, built and comprehensively tested a realtime, fully programmable, pulsatile flow pump that can produce realistic physiologic flow waveforms under physiologic downstream impedances. While being more affordable than current commercial pumps, our design is capable of reproducing flow waveforms containing backflow as well as high frequency oscillations with less than 2%
error. The pump can quickly create accurate reproductions of the desired waveform with minimal human interaction. The pump is controlled using commercial software and can be integrated with other computational programs, making it suitable for use in a fully automated framework. Future work will consist of testing the setup under wider flow ranges using different gear pumps and flow sensors, improving the feedback algorithm to prevent control waveform divergence due to sensor noise and reducing the pressure ripples due to vibrations.
